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Two non-inducible, but apparently complete prophages were identified in the genome of the sequenced Lactobacillus johnsonii strain
NCC 533. The 38- and 40-kb-long prophages Lj928 and Lj965 represent distinct lineages of Sfi11-like pac-site Siphoviridae unrelated at the
DNA sequence level. The deduced structural proteins from Lj928 demonstrated aa sequence identity with Lactococcus lactis phage TP901-1,
while Lj965 shared sequence links with Streptococcus thermophilus phage O1205. With the exception of tRNA genes, inserted between
DNA replication and DNA packaging genes, the transcription of the prophage was restricted to the genome segments near both attachment
sites. Transcribed genes unrelated to phage functions were inserted between the phage repressor and integrase genes; one group of genes
shared sequence relatedness with a mobile DNA element in Staphylococcus aureus. A short, but highly transcribed region was located
between the phage lysin and right attachment site; it lacked a protein-encoding function in one prophage.
D 2004 Elsevier Inc. All rights reserved.Keywords: Prophages; Lactobacillus johnsonii; TranscriptionIntroduction
Genome sequencing has revealed the important role of
horizontal gene transfer in prokaryotes. Mobile DNA ele-
ments like bacteriophages contribute substantial amounts of
foreign DNA to bacterial genomes (Bushman, 2002). Our
group is interested in prophages from lactic acid bacteria
(LAB). LAB are a branch of low GC-content Gram-positive
bacteria covering important human and veterinary pathogens
(e.g. Streptococcus pyogenes, Streptococcus pneumoniae,
Streptococcus agalactiae, Streptococcus equi, Streptococcus
mutans to name some), commensals of the oral cavity, the gut
and the vagina of humans and animals (various species of
Lactobacillus and oral streptococci), but also starter bacteria
of the dairy industry (Lactococcus lactis, Streptococcus
thermophilus, various species of Lactobacillus). In the past,
phages of LAB have mainly been studied for their econom-
ical impact as inhibitors of industrial milk fermentation
(Moineau et al., 2002). More recently, prophages from a0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Ireland, Cork, Ireland.medically important LAB, S. pyogenes, became a focus of
research in clinical microbiology (Beres et al., 2002; Ferretti
et al., 2001; Smoot et al., 2002). The sequencing of several S.
pyogenes strains associated with different types of steptococ-
cal disease demonstrated that prophages represented the
major part of the genetic diversity between these strains
(Smoot et al., 2002). The strains contained three to six
prophages representing up to 16% of the DNA content of
the bacterial chromosome. However, the importance of the
prophages went beyond their quantitative contribution to the
bacterial chromosome. Fourteen of the 15 analyzed S. pyo-
genes prophages encoded virulence factors compromising a
wide array of superantigens and enzymes possibly involved
in pathogenicity (DNase, hyaluronidase, phospholipase)
(Beres et al., 2002). Notably, the phage-encoded virulence
genes were all located between the prophage lysin and right
prophage attachment site. Epidemiological surveys and mo-
lecular analysis of highly virulent S. pyogenes strains sug-
gested that the serial acquisition of three prophages led to the
recent emergence of highly virulent S. pyogenes clones
(Beres et al., 2002; Ikebe et al., 2002).
Inducible prophages from LAB representing bacterial
commensals or industrial starters have been studied (Bru¨s-
sow, 2001). However, this sampling is biased because the
majority of prophages from lysogenic bacteria might be
Table 1
Database matches for prophage Lj928 genes
Ljo_orf Bio Description of match % identity E-value
1465 B Lb delbrueckii BP mv4, integrase 41 66
1464 Lb plantarum PP Lp2, lp-2450, sie? 44 13
1461 Lc lactis PP blL312, orf 3 47 22
1460
1460 Lc lactis BP TPW22, orf 3 55 10
1457 B Lc lactis BP TP901-1, Cl repressor 38 13
1456 B Lc lactis BP TP901-1, Cro
repressor Mor
51 14
1455 Staphylococcus aureus PP PVL
anti-repressor
67 35
1454 Clostridium acetobutylicum PP,
CAC1943
37 24
1453 Burkholderia cepacia BP Bcep1,
orf 62
38 3
1452 Streptococcus pneumoniae
BP MM1, unknown protein
25 10
1450 B Lc lactis BP Tuc2009, replication
initiation protien
39 21
1445 Lb gasseri BP adh,
unknown protien
47 31
1445 B Enterococcus faecalis,
transcriptional regulator,
ArpU family
29 5
1442 B Bacillus subtilis BP SPP1,
terminase small subunit (G1P)
33 13
M. Ventura et al. / Virology 320 (2004) 229–242230defective (Casjens, 2003). Non-inducible prophages were
frequently detected in bacterial genome sequencing projects
(Canchaya et al., 2003; Casjens, 2003). For example, L.
lactis, a major industrial starter organism used in cheese
fermentation, showed in strain IL1403 three apparently
complete prophages that resembled Sfi21-like cos-site S.
thermophilus phages with respect to genome organization
(Chopin et al., 2001). Only two of them were inducible. The
Lactococcus genome contained in addition three incomplete
prophages that were interpreted as P4-like satellite proph-
ages (Chopin et al., 2001), but could also represent pro-
phage remnants (Lawrence et al., 2001).
We reported previously partial prophage genome sequen-
ces for Lactobacillus johnsonii (Desiere et al., 2000).
Lactobacilli are commonly found in decaying plant material,
many fermented food products and they constitute an
important part of the intestinal bacterial flora of humans
and many animals and are the major colonizer of the vaginal
mucosa. L. johnsonii is a member of the Lactobacillus
acidophilus complex and a gut commensal (Johnson et al.,
1980). The finishing of the sequencing of the L. johnsonii
strain NCC 533 (Pridmore et al., 2004) allows now an
analysis of its prophages with respect to their gene content
and transcription pattern.
1441 B B. subtilis BP SSP1,
teminase large subunit (G2P)
29 32
1440 Lc lactis BP TP901-1, ORF32,
portal protein
35 67
1439 Lc lactis BP TP901-1, ORF33 31 29
1437 Lc lactis BP Tuc2009,
unknown protein
40 21
1436 B Lc lactis Bp TP901-1, ORF 35,
scaffold protein
29 15
1435 Lb BP mv4 major capsid 50 76
1434 Lc lactis BP TP901-1, ORF38,
unknown
54 11
1432 Lc lactis BP TP901-1, ORF40,
unknown
39 12
1431 B Lc lactis BP Tuc2009,
structural protein 2
27 5
1430 B Lc lactis BP TP901-1,
major tail protein
27 9
1427 Streptococcus pneumoniae
BP MM1, minor tail
38 57
1427 Listeria monocytogenes BP A118
putative tape-measure protein
20 36
1426 Lb plantarum PP Lp1 lp_0674 31 22
1425 B Enterococcus faecalis enterolysin A 36 21
1425 B Lb plantarum BP phig1e,
Rorf1608, minor structural protein
42 8
1424 Lb plantarum PP Lp1 lp_0676 45 5
1423 S. aures BPETA 29 12
1422 Lb delbrueckii BP LL-H,
unknown protein
39 13
1418 B Lb gasseri BP adh, lysin 58 103
Note: The first column provides the Ljo_orf number, the second indicates
whether the matched protein was experimentally investigated (B), the third
gives a shorthand description of the most informative (not necessary the
best hit, see text for details) (abbreviation: Lb = Lactobacillus, Lc =
Lactococcus, BP = bacteriophage, PP = prophage), the fourth column gives
the percent of protein sequence indentity, the fifth column shows the
exponent of the E-value.Results
To localize prophages on the chromosomes of L. john-
sonii strain NCC 533, we screened its genome for inte-
grases. We detected a total of seven integrases. Int1465 and
int288 belonged to 38,412-bp-long (Lj928) and 40,199-bp-
long (Lj965) prophages, respectively. The two prophages
were oriented differently with respect to the bacterial origin
of replication such that the majority of the prophage genes
pointed in the direction of the majority of the surrounding
bacterial genes. Such an orientation bias was previously
reported for lambdoid Escherichia coli prophages (Camp-
bell, 2002). Int1773 identified a 5.7-kb-long DNA element
with weak phage links. None of the other four integrases
showed phage-like genes in their vicinity.
Genome analysis of prophage Lj928
Database matches allowed a tentative subdivision of the
Lj928 prophage genome into modules. The modular orga-
nization was typical for temperate phages from low GC-
content Gram-positive bacteria (Figs. 1 and 2; Table 1).
The likely extent of the lysogeny module is from
Ljo_1465 to Ljo_1457. The diagnosis was based on clear
matches with biologically proven integrase (Auvray et al.,
1999) and repressor genes (Table 1) and was further
supported by matches with hypothetical proteins that map
close to lysogeny-related genes in Lactococcus prophages
blL285 and TPW22 (Fig. 1A) and a transcription pattern
(Fig. 2) typical for lysogeny genes from other Lactobacillus
M. Ventura et al. / Virology 320 (2004) 229–242 231prophages (Ventura et al., 2003b). Ljo_1457 and Ljo_1456
represent the likely genetic switch with sequence matches to
the experimentally investigated repressors from L. lactis
phage TP901-1 (Madsen et al., 1999). The cro-repressor
gene was followed by another repressor-like gen-
e(Ljo_1455) that shared aa sequence identity with the
Staphylococcus prophage PVL protein related to the anti-
repressor from coliphage P1 (Lucchini, 1999). Indeed, the
N-terminal half of the Lj928 ‘‘anti-repressor’’ showed a
remarkable 63% aa identity to prophage protein from the
Gram-negative bacterium Neisseria. This domain contains
the Bro motif found in a family of proteins that regulate both
viral and host transcription (Iyer et al., 2002). Ljo_1454
shares similarity with an uncharacterized gene from Clos-
tridium acetobutylicum (Fig. 1A) located next to an isolated
genetic switch structure in a remarkably similar genetic
constellation as in Lj928 (Fig. 1A). The adjacent, but
divergently transcribed Ljo_1453 showed an H-T-H DNA
binding motif and matched a cro-like repressor gene from a
Listeria innocua prophage.
The following three genes resembled putative DNA
replication genes of different prophages (Table 1); one of
them, Ljo_1450, shared sequence identity with an experi-
mentally proven replisome organizer protein from L. lactis
phage Tuc 2009 (McGrath et al., 1999). The following
region showed an unusually long non-protein encoding
DNA segment that contained a tRNA gene (Fig. 1A). The
phage tRNA recognizes the GAA (Glu) anticodon. This
codon was not used more frequently in Lj928 prophage than
in the bacterial host. Over the DNA packaging and head
modules prophage Lj928 shared sequence similarity with
Staphylococcus aureus prophage Mu50B and L. lactis
phage TP901-1 (Fig. 1).
According to the synteny argument (Casjens et al., 1992)
and the sequence similarity with corresponding genes from
phage TP901-1(Table 1), likely DNA packaging, head, head-
to-tail and tail genes were suggested (Fig. 1A). The identity of
the TP901-1 structural proteins was demonstrated by immune
electron microscopy (Johnson et al., 1995) and N-terminal
sequencing of the separated proteins (Johnson et al., 1996)
and the function of these proteins in phage morphogenesis
was proven by mutational analysis (Pedersen et al., 2000).
Ljo_1425 resembled over its N-terminal part enterolysin
A, a biochemically characterized cell wall degrading bacte-
riocin secreted from Enterococcus faecalis (Nilson et al.,
2003), while a segment from the C-terminal part shared
similarity with a minor structural protein from Lactobacillus
phage g1e (Kodaira et al., 1997) corresponding to the likely
tail tape measure protein. This mixing of distinct functions
on a single phage tail protein is not with out precedence, for
example, Pedulla et al. (2003) have found interesting motifs
(‘‘wake up’’ proteins that promote regrowth of dormant
cells) in the tape measure proteins from mycobacteriophages
which are thought to be injected into the infected cell.
Ljo_1418 shared sequence identity with an experimentally
investigated lysin from L. gasseri phage adh (Henrich et al.,1995). The region preceding the lysin gene resembled in its
genetic organization phage adh (Fig. 1A) and prophage
Lj965 (Fig. 1C).
Genome analysis of prophage Lj965
Prophage Lj965 has a 1787-bp-longer genome than
prophage Lj928. Both genomes are very similar organized
with respect to the modular structure (Fig. 3, Table 2).
However, except for a few genes, notably the integrase
gene, no DNA or protein sequence similarity linked the two
prophages identifying them as two separate phage lineages
in L. johnsonii. Ljo_288, 289 and 294 belong to the
lysogeny module. Directly upstream of the intergrase
(Ljo_288), Lj965 encodes a protein (Ljo_289) with a close
sequence match to a predicted surface-exposed lipoprotein
encoded at a corresponding position in S. thermophilus
bacteriophage TP-J34 (Neve et al., 1998) where many
phages from LAB encode biologically (Bruttin et al.,
1997) and biochemically proven phage-resistance functions
(McGrath et al., 2002). Ljo_291 and Ljo_292 shared 36%
and 22% aa identity with two anonymous genes from the
genomic island SaPIln3 of S. aureus. Ljo_293 showed weak
similarities with Zn-dependent protease; such genes are
commonly found next to the genetic switch region of dairy
phages (Lucchini et al., 1999). Ljo_294 gp showed an H-T-
H-DNA binding motif and sequence identity to a Cl-like
repressor from S. thermophilus phage Sfi11. Several up-
stream genes shared sequence similarity with genes encoded
in the corresponding region of prophage Lj928, but the gene
order is changed (Fig. 1B). Ljo_294b is the likely cro-
repressor gene (Table 2).
Ljo_298 to Ljo_300 probably belong to the DNA repli-
cation module of Lj965. Ljo_299 resembled recombination
proteins, Ljo_300 an experimentally investigated DnaA-like
replication initiation protein found in lactococcal phage
TP901-1 at corresponding position (Ostergaard et al.,
2001). Database matches do not allow an attribution of the
next genes to a likely function: two repressor-like genes
were found (Ljo_302 and Ljo_305), four tRNA genes
specific for Ser (TCA codon), Glu (GAA codon), Tyr
(TAC codon), and Phe (TTC codon), followed by two genes
(Ljo_304 and Ljo_305) sharing 30% aa identity with two
adjacent genes located in a comparable genome position of
an Archaeavirus [Methanothermobacter phage psiM100
(Luo et al., 2001)]. In fact, some viruses of Archaea showed
the morphology of tailed phages and resembled in their
genome organization phages from the lambda-like super-
group of Siphoviridae (Pfister et al., 1998).
The comparative genomics of the late genes from Lj965
was reported previously (Desiere et al., 2000). Because the
sequencing was now conducted to a 12-fold coverage, four
sequencing errors were detected in the Lj965 structural gene
region reported previously (Desiere et al., 2000) resulting in
the prediction of longer Ljo_322 and Ljo_324. A small orf
(Ljo_330) without database match, bracketed by two hairpin
M. Ventura et al. / Virology 320 (2004) 229–242232
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(Fig. 3P, a).
Transcription analysis
We used 20 and 14 different probes, respectively, which
covered a major part of the Lj928 and the Lj965 prophage
genomes to probe Northern blots containing total RNA from
the lysogenic cell NCC 533 (Figs. 2 and 3). As expected,
most of the prophage genome was transciptionally silent.
Specifically, no transcription of the cro-like and the anti-
repressor genes was detected, which are early lytic tran-
scripts in lactococcal phages (Madsen and Hammer, 1998).
In addition, no DNA packaging, head morphogenesis, or
tail, tail fiber genes or lysis genes were transcribed from the
two prophages (Figs. 2 and 3). However, we cannot exclude
that genes are transcribed, but rapidly degraded due to a
high mRNA turnover. In contrast, when using probes
covering the lysogeny module, prophage-specific transcripts
were detected in both prophages.
Lj928
In Lj928, a series of mRNAs with sizes ranging from 3.9,
3.1, 2.4, 1.4 to 0.9 kb were detected in the lysogeny module
when using an Ljo_1457-specific probe (Fig. 2B). Primer-
extension experiments located the 5V end of the isolated
prophage mRNA 118 bp upstream of Ljo_1457 (Fig. 2O).
The two smallest transcripts showed a weak autoradiograph-
ic intensity. Due to the primer extension results and the
transcript length approximation, the signals probably corre-
spond to mRNAs covering Ljo_1457 to 1458 and Ljo_1457
to Ljo_1459, respectively (Fig. 2Q, d). According to the
same arguments, the two larger and more prominent tran-
scripts are likely to cover in addition the next two and four
orfs of the putative lysogeny module, respectively, while the
largest transcript covered the entire lysogeny module except
for the integrase gene. In fact, a hairpin structure was
located between the end of the postulated mRNA and the
int gene, which might represent a potential rho-independent
terminator (Fig. 2Q, a). The location of these mRNAs was
confirmed by using int- and a cro-specific probes from the
directly flanking genes which both revealed no transcripts
(Figs. 2A, C).
Three further Lj928 genome regions were transcribed.
An 800-bp-long transcript was detected on Northern blots
by using a PCR probe covering Ljo_1454 (Fig. 2E), the
only leftward oriented gene in a 33-kb-long segment ofFig. 1. Prophage Lj928 genome analysis. (A) Alignment of the genetic maps of th
acetobutylicum ATCC824, Staphylococcus prophage Mu50B (bottom), L. lactis ph
johnsonii Lj928 prophage (center). (B) Prophage Lj928 and Lj965 lysogeny and
cassette comparison. Genes sharing aa sequence similarity are linked by blue sh
identified by bioinformatic analysis are noted next to the orfs. The modular stru
orange—DNA replication genes; yellow—transcriptional regulation genes; green
genes; mauve—tail fiber genes; violet—lysis genes; grey—unknown genes.rightward oriented genes (Fig. 2Q, a and d). Because our
PCR probe was not strand-specific and because attempts
of primer-extension were unsuccessful, we cannot distin-
guish whether an Ljo_1454-specific messenger or an
anti-messenger was transcribed. Furthermore, slot blot
hybridization with a PCR probe corresponding to the
prophage-encoded tRNA gene revealed its transcription
(Fig. 2P). Cross-hybridization with a bacterium-encoded
tRNA could be excluded because bacterial tRNAs from
the completely sequenced NCC 533 strain shared less
then 70% DNA homology. Finally, a 400-bp-long tran-
script of prominent autoradiographic intensity was
detected with a DNA probe placed between the lysin
gene and the right phage attachment site (Fig. 2N), a
region lacking orf predictions (Fig. 2Q, a).
Lj965
When using an Ljo_294 (cl)-specific probe, two weak
hybridization signals of 2.2 and 1.2 kb length were detected
(Fig. 3E). Primer extension experiments located the 5V end
of a transcript 28 bp upstream of the start codon from
Ljo_294 (Fig. 3M). Transcripts with the same size, but
greater autoradiographic intensity were detected when using
an Ljo_291-specific probe (Fig. 3D). The 2.2-kb transcript
covers thus orf 294 to orf 291. In contrast, only a prominent
1.2-kb transcript was revealed with an Ljo_289-specific
probe (Fig. 3B). Primer-extension experiments identified a
transcription start site 55 bp upstream of Ljo_290 (Fig. 3O).
The 1.2-kb mRNA comprises thus orf 289 and 290. The
likely constellation of the transcripts from the lysogeny
module of Lj965 is shown in Fig. 3P, d. A prominent, but
very small transcript is derived from Ljo_330 (Fig. 3L).
Primer extension experiments placed the 5Vend of this only
240-bp-long transcript 38 and 42 bp, respectively, upstream
of the small Ljo_330 (Fig. 3N). Lj965-encoded tRNAs
shared high sequence identity with host tRNAs that pre-
vented their separate testing for expression.
The 5.7-kb DNA element
In previous microarray analysis, a further NCC 533-
specific DNA element was identified near the origin of
replication of the sequenced strain (Ventura et al., 2003a).
The bioinformatic analysis revealed a 5.7-kb-long DNA
segment flanked by a 13-bp repeat. The element contained
at its ends an integrase and a repressor gene (Fig. 4). The
primer pair 1A and 1B that brackets the element (Fig. 4A)e L. lactis prophage blL285, a phage-like genetic switch constellation in C.
age TPW22, L. lactis phage TP901-1 and L. gasseri phage adh (top) with L.
DNA replication module comparison. (C) Prophage Lj928 and Lj965 lysis
ading and the percentage of aa identity is given. Probable gene functions
cture is indicated by the color code: red—lysogeny/genetic switch genes;
—DNA packaging and head genes; brown—head-to-tail genes; blue—tail
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element in the microarray analysis (Fig. 4B). Sequencing of
the amplicons from distinct strains devoid of this element
showed adjacent acetyltransferase and oxidoreductase genes
and the intergenic region identified a 13-bp-long DNA
stretch that was duplicated at both sides of the 5.7-kb
DNA element (Fig. 4A), suggesting acquisition of this
element by a Campbell-like integration event (Fig. 4A).
The divergently oriented orfs Ljo_1778 and 1779 resembled
a genetic switch structure, but neither gene was transcribed
(data not shown). Links to a transposon and bacterial genes
(ftsK, pts) suggested a composite structure for this DNA
element. The mobile element was integrated in the vicinity
of the apf1 and apf2 genes (Fig. 4A) that are involved in the
cell shape determination of a closely related L. gasseri strain
(Jankovic et al., 2003).
Prophage induction
In the case of an excised and circularized phage genome,
one should obtain a PCR product with primers placed in the
lysin and integrase genes and running out of the prophages.
However, no PCR product was obtained for either prophage
using exponentially growing NCC 533 strain (data not
shown). In a next experiment, mitomycin C was added to
exponentially growing NCC 533 cells at a concentration
known to induce prophages in other LAB (Bru¨ssow and
Bruttin, 1995). DNA isolated from the cells at different
times after addition of mitomycin C yielded PCR products
with primers located within the prophages (the anti-repres-
sor gene in Lj928 and the lysin gene in Lj965, respectively).
However, no PCR products suggestive for prophage exci-
sion were obtained with primers running out of the integrase
and lysin genes for both prophages (Fig. 5). Mitomycin C
induction experiments did not result in the lysis of the
lysogenic cell nor was an effect on the cell growth observed.
No phage particles or phage DNA were detected in the cell
supernatant using electron microscopy or PCR for extracel-
lular phage DNA, respectively (data not shown).
Hybridization of DNA from eight different Lactobacillus
species (Lactobacillus plantarum, Lactobacillus reuteri, L.
gasseri, Lactobacillus helveticus, Lactobacillus amylovorus,
L. acidophilus, Lactobacillus crispatus, Lactobacillus galli-
narum) against the NCC 533 microarray showed that
prophages Lj928 and Lj965 were not detected in these
species (data not shown), suggesting that they are of limited
mobility within the Lactobacillus genus.Fig. 2. Transcription analysis of prophage Lj928. (Panels A–N) Northern blot hyb
experiments at an OD of 0.4 (lanes 1 and 3) or 0.8 (lanes 2 and 4). The blots were p
weights calculated for the hybridization signals are provided in bp. (Panel O) Pr
lysogen using an oligonucleotide targeted to the 5Vend of orf 1457. (Panel P) Slo
NCC 533 (lane 1) and NCC 1954 (lane 2) at stationary growth phase. (Panel Q) S
structure is indicated by the color code (see Fig. 1) and the annotated brackets; (b) s
(d) location of the transcripts on the genome map. The arrows point to the 3Vend
mRNA estimated from the Northern blots. The size of the mRNA is indicated in kb
of the mRNA species. P indicated an experimentally determined 5Vend for the mDiscussion
With two prophages, the contribution of viral sequences
in L. johnsonii strain NCC 533 is comparable to that of other
low GC-content Gram-positive bacteria. With respect to the
overall genome organization, both L. johnsonii prophages
belonged to the proposed group of Sfi11-like pac-site
Siphoviridae (Bru¨ssow and Desiere, 2001). Despite a shared
gene map, sequence similarity was limited to few genes of
the two NCC 533 prophages. The structural gene cluster
from Lj965 belonged to a widely distributed lineage of
Sfi11-like phages detected in several genera of LAB
(Desiere et al., 2000), while Lj928 shared sequence relat-
edness with structural proteins from S. aureus prophage
Mu50B (Kuroda et al., 2001) and L. lactis phage TP901-1
(Brondsted et al., 2001). It is therefore unlikely that these
two lineages of Sfi11-like phages have evolved within the
confines of the L. johnsonii species or one of the aforemen-
tioned bacterial genera. In fact, Sfi11-like phages shared part
of the genome organization and even distant sequence
relatedness with lambdoid phages infecting Gram-negative
bacteria (Bru¨ssow, 2001).
The need to digest an identical cell wall structure was
reflected in the highly related lysin genes from both NCC
533 prophages. However, Lj928 and Lj965 did not share
related tail fiber genes despite the fact that both phages
infected the same bacterial strain. Apparently, there is
more than one solution for a phage to infect the same
host cell an observation that is already known for several
pairs of E. coli phages. Lj928 and Lj965 also differed for
early genes. This can partially be rationalized by the need
to avoid immunity and superinfection exclusion functions
when establishing a polylysogenic host cell. Despite
distinct integration sites, the integrases were surprisingly
the most closely related genes shared between the two
prophages. A detailed analysis of the deduced integration
sites suggested that phage Lj965 integrase used a second-
ary attachment site for integration by using a 5-bp core
sequence which is part of the 14-bp core sequence used
by Lj928. Lj928 reconstituted the tRNA gene into which it
was integrated while Lj965 destroyed the tRNA gene by
its integration (Ventura et al., 2003a). Lysogenic conver-
sion genes (LCG) in the form of potential or proven
virulence factors were identified in 14 out of 15 investi-
gated S. pyogenes prophages (Beres et al., 2002). Previous
transcription analysis in Lactococcus, Streptococcus and
Lactobacillus prophages demonstrated that large parts ofridization of total RNA from L. johnsonii NCC 533 isolated in two parallel
robed with radiolabeled PCR products of the indicated genes. The molecular
imer extension experiment with RNA isolated from L. johnsonii NCC 533
t blot hybridisation of total cellular RNA extracted from L. johnsonii strain
ummary of the transcription data. (a) Prophage genome map. The modular
cale in bp; (c) location of the PCR probes used in the Northern experiments;
of the mRNA. The length of the arrow is proportional to the length of the
above the arrows. The width of the arrows indicated the relative abundance
RNA.
Fig. 3. Transcription analysis of prophage Lj965. (Panels A–L) Northern blot hybridization of total RNA from L. johnsonii NCC 533 lysogen isolated in two parallel experiments at an OD of 0.4 (lanes 1 and 3) or
0.8 (lanes 2 and 4). The blots were probed with radiolabeled PCR products of the indicated genes. The estimated molecular weight of the transcripts is given in bp. (Panels M–O) Primer extension experiments
using an oligonucleotide targeted to the 5Vend of orf 294, 330 and 290, respectively. The major extension products are located next to a sequencing gel of the corresponding region. (Panel P) Summary of the
transcription data. See Fig. 2, panel Q for key.
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Table 2
Database matches for prophage Lj965 genes
Ljo_orf Bio Description of match %
identity
E-value
288 B Lb delbrueckii BP mv4 integrase 42 67
289 Lb plantarum PP Lp1 lp_0628 52 23
289 Streptococcus thermophilus BP
TPJ-34, Sie?
49 16
291 Staphylococccus aureus MW1770,
hypothetical protein
37 47
291 Lc lactis plasmid pND861 abortive
phage resistance protein
26 2
292 Staphylococcus aureus MW1769,
hypothetical protein
30 9
293 Streptococcus thermophilus
integrative conjugative
element ICESt1, unknown
32 2
293 Lb plantarum PP Lp2 lp_2449 29 2
294 Streptococcus thermophilus BP Sfi11,
putative DNA binding protein
43 4
294b Streptococcus pyogenes Cro-like
repressor SpyM3_1349
38 4
295 Staphylococcus aureus PP PVL,
anti-repressor
38 26
296 Vibrio cholerae phage CTX,
RstR protein
53 –
296b Lb gasseri BP adh orf49 unknown 67 12
298 Lc lactis BP 31.1 Orf364 23 4
299 Streptococcus pyogenes PP 315,
SpyM3_1250, putative
recombination protein
28 10
300 Lb delbrueckii BP LL-H DnaA-like
protein
34 20
300 B Lc lactis BP TP901-1, replication
protein
25 8
302 Staphylococcus aureus PP phiPV83
anti-repressor
37 39
303 Lb gasseri BP adh, hypothetical
protein
27 6
304 Methanothermobacter wolfeii PP
psiM100, ORF D
29 25
304 Brucella suis, BR0725,
acetyltransferase
27 13
305 Methanothermobacter wolfeii
PP psiM100, ORF5
34 16
305 Brucella suis, BR0726,
transcription regulator,
Cro/Cl family
33 11
307 B Bacillus subtilis PP PBSX,
terminase small subunit
27 15
308 Clostridium tetani, CTC01086,
likely phage terminase large
subunit
56 138
308 Streptococcus thermophilus
BP O1205, ORF26, likely
terminase large subunit
25 23
309 Streptococcus thermophilus
BP O1205, ORF27, likely
portal protein
27 37
310 Lactobacillus plantarum strain
WCFS1, lp_1593, conserved
hypothetical protein
34 5
311 Streptococcus thermophilus
BP O1205, ORF28, likely
minor head protein
22 8
Table 2 (continued)
Ljo_orf Bio Description of match %
identity
E-value
312 Streptococcus thermophilus
BP O1205, ORF29, likely
scaffold protein
28 10
314 B Streptococcus thermophilus
BP O1205, ORF31, major
head protein
27 23
314 E. coli CFT073, c1499, putative
capsid protein of prophage
23 3
319 B E. coli BP HK97, major
tail subunit
23 2
322 B Streptococcus thermophilus
BP Sfi21, orf1560, likely tail
tape measure protein
43 37
324 Paramecium bursaria Chlorella
virus 1, gene A18L
19 7
324 B Lb delbrueckii BP LL-H, g71,
minor structural protein
31 6
325 Clostridium acetobutylicum,
CAC1881
33 4
326 Lb delbrueckii BP LL-H,
unknown protein
32 6
328 Lb delbrueckii BP LL-H, holin 27 1
329 B Lb gasseri BP adh, lysin 61 103
Note: For further explanation, see the footnote of Table 1.
M. Ventura et al. / Virology 320 (2004) 229–242 237the prophage genome are transcriptional silent, while
genes near both attachment sites were transcribed (Boyce
et al., 1995; Ventura et al., 2002b, 2003b). Genes with
sequence similarity to candidate LCG from S. pyogenes
prophages were identified in L. plantarum prophages Lp1
and Lp2. These genes were localized between the phage
integrase and repressor gene on one side and between the
phage lysin and attR on the other side (Ventura et al.,
2003b). Candidate LCG with sequence similarity to the
mobile DNA element SaPln3 from S. aureus were observed
in Lj965. Further extra genes were an array of four tRNAs
and an orf between the lysin gene and attR; both genes
were flanked by hairpin loops as if to prevent accidental
transcription of adjacent genes. The orf near arrR repre-
sented the most heavily transcribed segment of prophage
Lj965. However, its very small size and the lack of
database matches questions its role as protein-coding gene.
In fact, the corresponding region in prophage Lj928 lacks
any orf prediction, but also yielded the most prominent
transcript of Lj928, suggesting a structural role for this
RNA. Transcribed prophage genes were also identified in
other regions of Lj928. One covers Ljo_1454 which is
located downstream of the cro-like repressor. Interestingly,
Ljo_1454 is the only leftward oriented orf in the otherwise
rightward oriented orfs of the lytic phage transcription
program. This orientation would again prevent transcrip-
tional read-through into genes that are expressed in the lytic
mode of infection. The other is a transcribed tRNA gene.
The frequent observation of tRNA genes not only in
Lactobacillus prophages suggests that they might be of
selective value. Because prophages frequently integrate into
M. Ventura et al. / Virology 320 (2004) 229–242238
Fig. 5. Prophages are not excised by mitomycin C induction. Amplification
of prophage sequences from NCC 533 cells after 30 (lanes 2 and 5), 60
(lanes 3 and 6) and 120 min (lanes 4 and 8) of mitomycin C treatment. In
lanes 2–4, primers target the lysin gene of Lj965 (positive control) and the
excised phage DNA with primers running out of the int and lys genes (1.2
kb expected, nothing observed). In lanes 5–7, primers target the anti-
repressor gene of Lj928 (positive control) and the excised phage DNAwith
primers running out of int and lys genes (1.2 kb expected, nothing
observed). Lane 1, molecular marker VI (Roche, Chemical). Lanes 8 and 9,
negative controls with the Lj965- and Lj928-specific primers, respectively,
but no cellular DNA.
M. Ventura et al. / Virology 320 (2004) 229–242 239tRNA genes (Campbell, 1992), it is tempting to speculate
that these phage-encoded extra tRNA genes allow some
destructive tRNA gene integration without rising the sur-
vival of the lysogenic host.
In L. johnsonii strain NCC 533, neither spontaneous
nor mitomycin C-mediated prophage induction was ob-
served with sensitive PCR techniques. This is not an
unusual observation. For example, in the E. coli strain
O157, only a single of the many lambda-like prophages
(Ohnishi et al., 2001) and only one out of the four
prophages reported in S. pyogenes strain SF370 (Ferretti
et al., 2001) could be induced. In contrast to the S.
pyogenes prophages which showed molecular defects
(Canchaya et al., 2003), no bioinformatic indication of
inactivated genes was obtained for the two NCC 533
prophages. It can thus not be excluded that these proph-
ages can be activated under more physiological conditions
than mitomycin induction.
According to microarray analysis, prophages Lj965 and
Lj928 represent relatively recently acquired horizontal
DNA limited to a single strain in the L. johnsonii species
(Ventura et al., 2003a). The origin of this DNA is not clear:
microarray analysis showed that similar prophages are not
widely distributed in the genus Lactobacillus. Bioinfor-Fig. 4. The 5.7-kb DNA element. (A) Gene map of the chromosome region surroun
in a distinct L. johnsonii strain (bottom) lacking this DNA element. The genes o
bacterial genes are marked in black. The insets show the sequence around the ded
element in the indicated L. johnsonii strains. The position of the PCR primers ismatic analysis revealed that the closest relatives of Lj928
and Lj965 are prophages of staphylococci, lactococci and
streptococci, phylogenetic relatives from lactobacilli. It is
currently not clear how to interpret these links. The relative
low degree of aa sequence identity with these phages seems
to exclude lateral gene transfer and could suggest elements
of vertical evolution in phages from low GC-content Gram-
positive bacteria (Bru¨ssow and Desiere, 2001). However,
the lack of sequence similarity among the few sequenced
prophages is not a strong argument against lateral transfer.
Hendrix et al. (1999) reported protein sequence similarity,
implying homology, among genes from tailed phages and
prophages spanning a broad phylogenetic range of host
bacteria. They inferred that the genes from tailed phages
share a common ancestry and proposed a model where all
phage genomes are mosaics with access, by horizontal
exchange, to a large common genetic pool but in which
access to the pool is not uniform for all phages. This latter
aspect could give the relationship between phages an
undeserved impression of co-evolution with the host bac-
teria. The interpretation of the evolutionary relationships
between phages has also an impact on the current discus-
sion of bacterial evolution where the role of horizontal
evolution is a hot issue (Doolittle, 1999; Kurland et al.,
2003).
Due to their importance for the food industry as bacterial
starters in food fermentation and as health-promoting (pro-
biotic) bacterial commensals, diverse Lactobacillus strains
are currently the target of sequencing projects. In the near
future, we will have according to the NCBI database
complete genomes from a large number of Lactobacillus
species (L. acidophilus, Lactobacillus brevis, Lactobacillus
casei, Lactobacillus delbrueckii, L. gasseri, L. johnsonii, L.
plantarum), raising the hope that the questions of horizontal
versus vertical DNA transfer in lactobacilli and their proph-
ages can soon be investigated by comparative bacterial
genomics.Materials and methods
Strain and culture conditions
Lactobacillus strains were grown anaerobically in MRS
agar or broth (Difco, USA) for 24 h at 37jC. The strains
used in this study were obtained from different culture
collections: American Type Culture Collection (ATCC),
Deutsche Sammlung von Mikroorganismen (DSM), Japan
Collection of Microorganisms (JCM) and Nestle´ Culture
Collection (NCC).ding the integrase orf 1773 in NCC 533 (top) and the corresponding region
f the putative mobile DNA element are flanked by vertical bars; flanking
uced attachment sites. (B) PCR amplification of the attB site for the Lj1773
indicated with small arrows (1A and 1B).
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Total RNA was isolated by resuspending bacterial cell
pellets in TRIzol (GibcoBRL, UK), adding 106 Am glass
beads (Sigma, USA), and shearing the slurry with a
Mini-Beadbeater-8 cell disrupter (Biospec Products,
USA) as described by Ventura et al. (2002a). Northern
blot analysis of Lactobacillus prophage transcription was
carried out on 15 Ag aliquots of RNA (isolated from 10
ml of Lactobacillus culture) collected at an optical den-
sity of 0.4 and 0.8 (OD 600). The RNA was separated in
a 1.5% agarose–formaldehyde denaturing gel, transferred
to a Zeta-Probe blotting membrane (Bio-RAD, UK)
according to Sambrook et al. (1989) and fixed by UV
cross-linking using a Stratalinker 1800 (Stratagene,
USA). Prehybridization and hybridization were carried
out at 65jC in 0.5 M NaHPO4 (pH 7.2), 1.0 mM EDTA
and 7.0% sodium dodecyl sulfate (SDS). Following 18
h of hybridization, the membrane was rinsed twice for
30 min at 65jC in 0.1 mM NaHPO4 (pH 7.2), 1 mM
EDTA, 1% SDS, twice for 30 min at 65jC in 0.1 mM
NaHPO4 (pH 7.2), 1 mM EDTA, 1% SDS and exposed
to X-OMAT autoradiography film (Eastman Kodak,
USA).
The probes for the Northern blot hybridization were
labelled with [a32P] by using the random-primed DNA
labelling system (Boehringer Mannheim GmbH) and puri-
fied with Nuc Trap probe purification columns (Stratagene).
The primer extension analysis was done as described
previously (Ventura et al., 2002a) using the synthetic
oligonucleotides 5V-CGTTAGAAGTTGAGAAAGGCT-
TAG-3Vlocated in orf Ljo_1457; 5V-CATAGCAACGCTAC-
TAACAGATTG-3 V l oca ted in o r f L jo_290; 5 V-
CATCACTAGATACCTTACGAGTG-3 V located in
Ljo_294; and 5V-GTTGACTAACGTCTTTTAAATCGAT-
TAC-3Vlocated in orf Ljo_330.
DNA sequencing
The prophage sequence was retrieved from the genome
sequence of L. johnsonii NCC 533. The attB site for Lj965
was PCR amplified from a L. johnsonii strain lacking a
prophage at this point by using the primers 287A (5V-
GAGAAGCTGGTAACGATG-3V) and 331A (5V-CA-
GTCCCTAATTCGTCAG-3V). For the Lj928 integration site,
the primers 1466B (5V-GATAGAGAGGTGACGC-3V) and
1417new (5V-GTTGCTCCTAAAACATCAG-3V) were used
to amplify the attB site from a strain lacking this
prophage. The PCR amplicon corresponding to attB
region of Lj1773 prophage remnant was generated by
using the primers 1756 (5V-GAAGTTGTTAACGAAA-
TAGCTAATG-3V) and 1748 (5V-CTATTCCAACAA-
CACTTGCTG-3V) in a strain lacking the remnant. The
PCR products were sequenced on both strand using the
fluorescent-labelled primer-sequencing kit (Amersham,
Germany) following the supplier’s instructions. TheLj928 and Lj965 prophage sequences, that of the 5.7-kb
DNA element and the corresponding attachment sites were
deposited in GenBank, respectively under the accession
numbers, AY459533, AY459535, AY459534.
DNA techniques
Amplification reactions were performed to check sponta-
neous excision of prophage Lj928 DNA. DNA samples were
amplified in a multiplex PCR approach with a Perkin-Elmer
thermocycler (Cetus 9700, Perkin Elmer, USA) programmed
for 30 cycles each consisting of 95jC for 30 s, 50jC for 30 s
and 72jC for 1 min. In the same PCR reaction mixture, two
pairs of synthetic primers were used with one designated
according to established prophage Lj928intB (5V-CAATGG-
TA AGC C TAT C AT TA C - 3 V) , L j 9 2 8 l y s A ( 5 V-
GTTGGTCGTGTAGGCAAC-3V). The same strategy was
used to check the spontaneous excision of Lj965 by using
the PCR primers Lj965intB (5V-GTAGCAGAGTTCACATT-
TAG-3V), Lj965lysA (5V-GTTGTGATGCCGATCATC-3V).
All PCR-amplicons were electrophoresed on 1.5% (w/v)
agarose gels at a constant voltage of 4 V/cm. PCR patterns
were stained with ethidium bromide (0.5 Ag/ml) and photo-
graphed under UV light (254 nm). As a positive control, a
similar PCR protocol was applied to a L. johnsonii strain
from which prophage Lj771 was spontaneously excised
(Desiere et al., 2000).
Sequence analysis
Open reading frames have been predicted using the ORF
Finder (NCBI) using ATG and GTG as possible start codons
and a minimum size of 50 aa. Nucleotide and predicted
amino acid sequences were compared in the databases of
GenBank; EMBL; PIR-Protein; SWISS-PROT; PROPO-
SITE. Additional databases searches have been conducted
using BLAST (Altschul et al., 1997) and PSI-BLAST at the
NCBI and FASTA (Lipman and Pearson, 1985). A search
for tRNA genes was done using the tRNAscan-SE program
(Lowe and Eddy, 1997). The motif search was performed by
using Pfam.Acknowledgments
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